Comprehensive CYP2D6 genotyping has a good predictive value for CYP2D6 activity. 
efficient therapeutic option in the treatment and relapse prevention of estrogen receptor (er)-positive BC [12] . tamoxifen is transformed predominantly by the drugmetabolizing enzymes CYP3a4 and CYP2D6 into the therapeutically more efficient drug metabolites 4-hydroxytamoxifen (4-OH-tamoxifen) and endoxifen. By binding to the er α (erα) tamoxifen and its metabolites modulate, the estrogen-induced transcription of erα target genes. the metabolites 4-OH-tamoxifen and endoxifen show up to 100 times higher affinity to the erα than the parental compound [7] . as a result, the efficacy of tamoxifen strongly depends on its appropriate bioactivation by cytochrome P450 enzymes. CYP2D6 is highly polymorphic and shows a high interindividual variability in its activity. Currently, there are more than 100 genetic variants described for CYP2D6 [21] . Several genetic variants are known to cause an impaired enzyme activity (CYP2D6*10, *41) or to even induce a total loss of enzyme function (e.g., CYP2D6*4, *5, *6). Furthermore, gene duplications or multiplications of CYP2D6 that occur in 2-3 % of white individuals may lead to an exceptionally fast metabolism of CYP2D6 substrates. genetic polymorphisms of CYP2D6 have been repeatedly associated with a changed therapeutic outcome in patients with BC treated with tamoxifen. Several studies could demonstrate that genetic variants causing an impaired CYP2D6 enzyme activity or even a loss of CYP2D6 function are associated with a shorter relapsefree time (rFt) upon tamoxifen therapy [10, 20] . Other studies, however, showed conflicting results. especially in studies where the efficacy of tamoxifen in relation to the CYP2D6 metabolizer status was tested in an adjuvant setting, no clear relationship between CYP2D6 status and therapeutic outcome was observed [16, 18] . the latter studies are, however, controversial in the literature, due to the facts that Dna was isolated from tumor tissues and not from blood and that Hardy-Weinberg equilibria were partly not reached for several CYP2D6 genetic variants [14, 23] . Other enzymes involved in tamoxifen metabolism comprise CYP2C9, CYP2C19 and CYP2B6 [13] . these three enzymes are also involved in the formation of 4-OH-tamoxifen and endoxifen, but their contribution may depend on actual tamoxifen concentrations and on CYP2D6 activity.
In this study, we studied the impact of genetic variants in the genes encoding the drug-metabolizing enzymes CYP2C9, CYP2C19, CYP2B6 and CYP2D6 on the rFt in patients with BC treated with tamoxifen in an adjuvant setting. We chose to investigate genetic variants that have been demonstrated to have a significant impact on the metabolic efficacy of the enzymes in focus in order to evaluate to which extent these polymorphisms might be suitable to predict the therapeutic outcome with tamoxifen.
Patients and methods
Patients ninety-nine patients were included in this study. Patients were of Caucasian origin, diagnosed with early-stage erpositive BC and treated with adjuvant tamoxifen. Patients were recruited at the Breast Center, Zurich, Switzerland between July 2009 and December 2012. tumors were demonstrated to be er positive in all patients and 91 % had a >20 % er expression on the surface. the majority of cases also exhibited Pr. Patients were treated with tamoxifen alone or sequentially with aromatase inhibitors (aIs) as the primary treatment choice. In case of a chemotherapeutic treatment (75.8 %), regimens comprised the combinations FeC (5-fluorouracil, epirubicin and cyclophosphamide), FeCtXt (5-fluorouracil, epirubicin, cyclophosphamide and docetaxel) or eC-taX (epirubicin, cyclophosphamide and paclitaxel). Data of primary BC diagnosis and disease recurrence were confirmed from the patients' pathological and medical records. the study was approved by the local ethical committee of Zurich, and written informed consent was obtained. the demographic and disease-associated characteristics of all patients included in the study are shown in table 1. genotyping From all patients, a whole blood sample was collected in ethylenediaminetetraacetic acid vials. genomic Dna was extracted using the QIaamp Dna Mini Kit (Qiagen, Hilden, germany) according to the manufacturer's recommendations. extracted Dna was used to genotype all patients for 17 genetic variants within the genes encoding cytochrome P450 enzymes involved in the metabolism of tamoxifen. the genotyping comprised the allelic variants CYP2C9*2 and *3, CYP2C19*2, *3, *4, *6 and *17, CYP2B6*6, *7 and *16, CYP2D6*3, *4, *5, *6, *10 and *41 as well as analysis of CYP2D6 gene duplications/ multiplications. the majority of variants were determined using taqMan SnP assay technology (agilent technologies, Santa Clara, Ca, USa). the variant CYP2D6*41 was analyzed using a conventional nested PCr approach followed by digestion of the PCr product with the restriction enzyme BsepMI. the forward primer used in the second PCr carried an artificial mutation in the area of the 3′ end, thereby creating a functional restriction site for BsepMI in interplay with the wild type form at the CYP2D6*41 locus. the determination of CYP2D6 duplications/multiplications was performed as described previously [24] .
genotypes of CYP2D6 were assigned to the expected corresponding metabolizer phenotypes according to the evaluation system by gaedigk et al. [8] . the genotype/phenotype assignments are summarized in table 2.
CYP2D6 phenotyping and CYP2D6 metabolizer type assignment
Phenotypes predicted on the basis of CYP2D6 genotypes were compared to the CYP2D6 phenotypes measured in a subset of patients with BC. Phenotypic data were obtained by high pressure liquid chromatography (HPlC) according to the methods described by abdel-rahman et al. [1] and Blake et al. [3] . HPlC-based phenotype was determined as follows: 6 h after the intake of 25 mg dextromethorphan (DM), a prototypical CYP2D6 substrate, the concentrations of methyl-dextrorphan (MD) and its O-demethylated metabolite dextrorphan (DX) were determined in the urine of 50 patients by reversed-phase HPlC with fluorescence detection. For this purpose, 1.25 ml of each urine sample was deglucuronidated by adding 500 μl phosphate buffer and 25 μl glucuronidase. the samples were incubated at 50 °C, cooled down, and subsequently centrifuged and included in the further analysis. the DM/DX ratios were calculated using the peak height concentrations of DM Continuous data (e.g., age or duration of tamoxifen/aI intake) are given as median ± StD or mean plus time range and were compared using the Mann-Whitney U test. the Kruskal-Wallis test was performed to compare the observed DM/DX ratios in the predicted CYP2D6 phenotype groups. the rFt was determined in patients who were taking tamoxifen for at least 12 months. the rFt was defined as the time interval in months between the time point of BC diagnosis and the occurrence of the first relapse of disease. a relapse was defined as the occurrence of an event such as either metastatic disease, local or distant recurrence of the tumor or a new invasive primary BC. the rFt was estimated using the Kaplan-Meier method and statistically analyzed using the log-rank test. a two-sided p value of <0.05 was considered statistically significant. the impact of any putative confounders on rFt, such as tumor stage, chemotherapy, menopausal or er status was tested performing a Cox regression analysis. the program SPSS (version 21, SPSS Inc., Chicago, Il, USa) was used for statistical analysis.
Results
ninety-nine patients were genotyped for 17 different polymorphisms in the genes encoding the drug-metabolizing enzymes CYP2C9, CYP2C19, CYP2D6 and CYP2B6 using leukocytic Dna. In case of CYP2D6, seven different genetic variants were determined, including gene duplications/multiplications and the most important variants (*3, *4, *5, *6, *10, *41) responsible for an impaired enzyme activity or the expression of null alleles. With the exception of the mutation CYP2C19*6, all variants were in HardyWeinberg-equilibrium. the variant CYP2C19*6 appeared only once in homozygous form in the cohort and was therefore calculated to be in Hardy-Weinberg-disequilibrium.
Fifteen patients developed a relapse of BC within the observational period. table 1 demonstrates and compares the demographic and disease characteristics of the individuals showing a relapse with the patient group that stayed disease-free during the time of observation. In general, no significant differences were observed when comparing both groups with regard to age, disease stage, grade or menopausal status. a relapse was significantly less frequently observed in patients with >20 % er expression (p < 0.001, chi-square test). the observational period and, consequently, the average time of tamoxifen intake was significantly longer in the relapse-free group (p < 0.001 and p = 0.003, respectively).
eighty-six patients were successfully genotyped for CYP2D6 duplications/multiplications. In view of the obtained allele combinations for CYP2D6, an assignment of an activity score (aS) was possible in ninety-eight patients ( [9] , table 2). as demonstrated in table 2, no significant differences were detected in the overall frequencies of predicted CYP2D6 phenotypes in relation to the relapse status. additionally, genotype-based predicted CYP2D6 phenotypes were correlated with the experimentally confirmed phenotype (urinary DM/DX metabolic ratio) in a subgroup of 50 patients, where both the genotypic and phenotypic information was available. as demonstrated in Fig. 1 , the metabolic DM/DX ratios differed significantly between the predicted CYP2D6 phenotypes (p = 0.001, Kruskal-Wallis test). the prediction of phenotypes based on genotyping results was especially well reproducible for the discrimination between poor and non-PM (table 3) . a sensitive discrimination between intermediate, extensive and ultrafast metabolizers was, however, only possible to a limited extent ( Fig. 1; table 3 ).
all 99 patients were included into the analysis investigating, to which extent the genotypes of CYP2C9, CYP2C19, CYP2D6 and CYP2B6 influence the relapse time in patients with BC treated with tamoxifen. In several sub analyses, the er status, the menopausal state and a concomitant chemotherapeutic treatment were considered additional putative risk factors and were also taken into consideration. In the case of er status, it was assumed that an expression degree of >20 % would be an important prerequisite for an efficient therapy approach with antiestrogens, such as tamoxifen. the average duration of tamoxifen intake was 30 months (range of 12-77 months) and aIs 10 months (range of 0-64 months). the median followup time of patients was 46 months. to analyze the influence of genetic variants detected in CYP2C9, CYP2C19, CYP2B6 and CYP2D6 genes on the BC-rFt, the following approach was adopted. First, the frequencies of variant carriers (heterozygous plus homozygous individuals) were compared in the relapse and relapse-free groups before (table 4) and after a logistic regression analysis stratifying for er density, menopausal state, disease grade and stage and an additional chemotherapeutic treatment. Second, the rFts were analyzed in relation to the investigated genotypes using the Kaplan-Maier method without and with stratification for er and menopausal status (Cox regression analysis). no significant associations were observed between CYP2C9, CYP2C19 and CYP2B6 genotypes and the risk for a BC relapse before or after stratification for the different putative confounders. the er state appeared to be an independent risk factor for the development of a disease relapse: 6 of 9 patients with an er expression below or equal to 20 % had a relapse in comparison to 9 of 90 with an er expression above 20 % (p < 0.001). as demonstrated in Fig. 2 , a trend toward a lower relapse rate was observed for individuals carrying allelic combinations that induce an eM or UM genotype of CYP2D6 (p = 0.19). this trend was repeatedly observed, when stratifying for different risk confounders.
Discussion
Several studies could demonstrate that interindividual differences in the activity of CYP2D6 may affect the therapeutic outcome in patients with BC receiving tamoxifen in an adjuvant setting [19, 20] . Besides CYP2D6, other drugmetabolizing enzymes play a role in the in vivo transformation of tamoxifen, but were, in this context, rarely investigated. therefore, our aim was to study to which extent genetic polymorphisms in CYP2D6, CYP2C9, CYP2C19 and CYP2B6 either alone or in interplay with each other influence the relapse risk under treatment with tamoxifen in a cohort of Caucasian patients with BC.
although not significant, we could show in concordance with previous studies [19, 20] that genotypes associated with normal or increased CYP2D6 activity lead to a favorable treatment outcome under tamoxifen, when taking the re-occurrence of BC as a primary endpoint. this trend toward lower relapse rates can be explained by the increased production of the potent metabolites 4-OHtamoxifen and endoxifen. the variant CYP2C19*17 has been associated with a fast metabolizer phenotype of CYP2C19 due to an increased expression of CYP2C19 [2, 22] . CYP2C19*17 may, thus, lead to an augmented production of 4-OH-tamoxifen, which may improve the treatment outcome as reported by Schroth et al. [19] . In our study, however, we did not observe an effect of CYP2C19*17 on treatment outcome, neither when analyzing the impact of the *17 variant on the relapse rate alone nor in combination with fast metabolizer genotypes of CYP2D6.
Different genotypes of CYP2C9, CYP2C19 or CYP2B6 did not significantly alter the risk for a relapse of BC under treatment with tamoxifen, which underlines the stronger impact of CYP2D6 on tamoxifen pharmacokinetics. Of note, we used Dna from peripheral blood mononuclear cells (PBMCs) for our analysis, which more accurately reflects the Dna sequence of CYP genes in the liver, whereas Dna obtained from tumor samples may harbor additional cancer-induced mutations, as has been recently discussed [17] .
although several meta-analyses demonstrated that patients with CYP2D6 eM genotypes/phenotypes as compared to slow metabolizer geno-and phenotypes have a longer disease-free survival, the overall survival appeared not to be significantly influenced by the CYP2D6 metabolizer state in tamoxifen-treated BC patients. Furthermore, these studies provided inconclusive results with regard to potential treatment guidelines for tamoxifen based on CYP2D6 genotyping results. [11, 15, 26] . (100) Instead of assigning four metabolizer phenotypes to genotypes, we tested the application of the CYP2D6 genotyping evaluation system of gaedigk et al. [9] , which weighs the impact of different CYP2D6 genotypes on CYP2D6 enzyme activity by assigning aS to the allelic combinations. By correlating predicted to observed CYP2D6 phenotypes, we could demonstrate that the aS system, if based on comprehensive CYP2D6 genotyping results, appears to be a useful approach to discriminate between slow and eM. Phenotypic poor and IM were especially well predicted. a finer discrimination especially between intermediate, extensive and ultrafast metabolizers is, however, not reliably possible based on this system. Since not all possible genetic variations in CYP2D6 were investigated in our study, misclassification may also arise from the assignment of the *1 allele to individuals who harbor a rare, activitylowering CYP2D6 mutation. additionally, CYP2D6 phenotyping by using urinary dextromethorphan-based metabolite ratios may not be the optimal phenotyping tool, because small activity differences cannot be reliably detected [5, 6] , which in turn, may also lead to misclassifications.
Besides an estrogen receptor expression below 20 %, no other factor like demographics, menopausal state or chemotherapy regimen used were identified as a risk for a relapse.
Our study includes a limited number of individuals and was performed in a retrospective manner. Both aspects could potentially weaken the associations between genotypes and therapeutic outcome with tamoxifen especially in cases, where a polymorphism might have a weak impact on the BC recurrence risk. the data reported here should be validated in future by the performance of prospective studies assessing the impact of CYP2D6 variants on the therapeutic outcome of BC in large cohorts of tamoxifen-treated BC patients.
